Abstract. Properties of a gas flow in the axisymmetric case with zero angular momentum in the supersonic region is explored for accretion onto a small compact object, in particular, onto Schwarzschild black hole when the velocity of the object is less than the sound velocity at infinity. First, it is shown that for ballistic flow, i.e. for zero pressure gradient, flow lines intersection occurs in the front part of the object at some distance r x from the center at the symmetry axis of the system (caustic formates). Specific radial size of the region where flow lines emerged with angle not exceeding θ 0 from the sound surface intersect themselves is about ∆r = r x θ 2 0 /3. Then the numerical calculation for nonzero pressure gradient is carried out for the detailed elaboration of the flow structure (adiabatic flow is assumed). Estimation of parameters of the region with anomalously high temperature and matter density is made; this compression is accompanied by anomalously high energy release.
Introduction
Bondi-Hoyle accretion is a flow of a gas onto moving compact object. Even though this problem was formulated in the middle of XX century [1] , details of this process have remained vague until now. In particular, detailed information about flow structure in the supersonic region not far from gravitating body is absent even in the model with smooth passing of the sound surface [2] .
The first-order correction to the spherically symmetric accretion was for the first time considered by solving a problem with non-rotating compact object moving in the gas medium [3] . The ratio of object speed v ∞ to the sound velocity at infinity c ∞ is postulated to be a small parameter
In what follows we consider only the occurrence of the first-order correction with ε ≤ 1. This inequality holds in most astrophysical cases. Under such condition the accretion without shock wave formation may occur. As was shown [2, 5] , spherically symmetric smooth transonic accretion is stable, so it has a physical significance. A conclusion can be made that Bondi-Hoyle accretion without shock wave formation for small enough ε is stable too, and it has physical significance as well.
Let us remind some general properties of the spherically symmetric accretion, signed (0) , and its first-order correction, signed (1) [2,3]. 1. Smoothness requirement, i.e., the absence of shock waves, gives extra condition at the sound surface, which gives for sound surface radius at the nonrelativistic limit r * = r (0) * + r (1) * = ε · r
2. Grad-Shafranov equation defining a stream function Φ(r, θ) has a solution Φ = Φ (0) + Φ (1) , where
Here 2Φ 0 is the total accretion rate, and the stream function defined as nv = ∇Φ×e z /2πr sin θ. 3. Asymptotically the radial function g(r) behaves as g(r) = K(Γ) (r/r * ) 2 at the long distance from the sound surface, which corresponds to the homogeneous gas motion. On the other hand, in the supersonic region r ≪ r *
where r * is a sonic surface radius. Coefficients k in (Γ), K(Γ) and k 1 (Γ) tabulated in [3] are depend on the adiabatic exponent Γ. 4 . We see that the perturbation Φ (1) becomes large in the supersonic region, at
max θ (Φ (1) /Φ 0 ) reaching unity. So, the perturbation theory does not hold there and we have to solve exact equations.
The article is organized as follows. In section 2 the method used is described; simplifications which helps in realization are described in section 3. Proof of possibility to use these simplifications without considerable accuracy losses is made in section 5. Section 4 contains main formulas and results. Section 6 is about possible observations.
Method description
The main point of described method is in evaluating the structure of flow lines directly which helps to easy and immediately compute physically observed quantities. This way seems to be the most natural for the equations derivation, as they become more obvious.
Let us parameterize the flow line as θ = θ(θ 0 , r). Independent variables are the initial angle θ 0 at some radius r 0 and radius r. We choose r 0 in the supersonic region where the first-order correction is applicable. Thermodynamical potentials are considered as functions of the same independent variables.
First of all we must note that this parametrization is unambiguous. But for the flow determination it is necessary to assign the gas velocity v[θ(θ 0 , r), r] as well as the trajectory. Then we must compound three differential equations for three functions v r , v θ , θ and solve them. These will be an Euler equation for two velocity components and a continuity equation.
We solve this problem in assumption of the absence of energy release at the stellar surface, i.e., actually the compact object is considered as a black hole. Next, we assume that the angular momentum along the θ = 0 axis is zero. Besides, some essential simplifications are made for equation derivation. This, however, has a small influence on the result.
Simplifying assumptions
We introduce some simplifications neither of them however seems to influence the result. 1. Flat space metric is used in calculation. 2. Radial matter velocity v r is much greater than nonradial v θ . So, tangential parts of gradients of all physical quantities are much smaller than radial.
3. For determination of the radial component of velocity we neglect matter enthalpy in comparison with gravitational energy.
4. Solution can be represented as a converging sum on θ 0 in the form
at the front side of compact object near its symmetry axis (and at the axis θ(0, r) = 0).
Basic equations
At first, let us solve a problem neglecting the pressure gradient. We choose the reference frame with a body at rest and the gas flowing onto it. The equation of angular momentum conservation relatively the object center is
Then the expression for the radial velocity can be written as
where r g is a gravitational radius. Elimination of dt from these equations allows us to define immediately the equation describing the flow lines
Solution of this equation satisfying natural initial condition θ(θ 0 , r 0 ) = θ 0 is
We get function (θ) from (4), which gives the same solution for flow lines, but has a confined range of application as the first-order correction. It results in
The obtained expression has a nontrivial structure. It defines a caustic near the distance R ball from the center where
(12) It is interesting that this caustic is located at the front side of the object for physically significant adiabatic exponent Γ > 1.25, though the stagnation point is always at the back side of the object [3] . Typical radial size of the region where flow lines, emerged at the angle not exceeding θ 0 from the symmetry axis from the sound surface, intersect themselves is ∆r = R ball θ 2 0 /3. Obviously, we cannot neglect the pressure at the region of significant gas compression. Flow lines would not intersect when we include the pressure gradient into consideration. A qualitative prediction can be made that the region of abnormal compression is closer to the object than R ball .
Further calculations are made with nonzero pressure gradient. Let us write down a continuity equation. The flux cross-section area in the direction perpendicular to the radial vector is δS = 2πr 2 sin θδθ.
Thus, the continuity equation defining the concentration n to be
Using now equations (8) and (13) we can obtain from (14)
where θ is the function of θ 0 at r 0 . This results in
Finally, the concentration can be written as
We consider an adiabatic process with the ideal gas law p = k(s)n Γ , the entropy s being constant in the whole space. Then we can express the pressure, the temperature, and the sound velocity from (15). Now the calculation of the stream line curving under pressure influence is possible. The point probe mass is affected by the gravity force and the force proportional to ∇p. We can derive an equation for gas angular momentum deviation relatively the body center; the gravity torque is zero indeed. The angular momentum is the vector perpendicular the plane passing through the symmetry axis. We are applying the assumption 2 and supposing ∇p to be directed perpendicular to the radius.
Equation of moments takes a form
where L corresponds to the gas angular momentum, and K corresponds to the moment of force. Sign "minus" is due to the streamline mutual repulsion. The force acting upon the small element can be written as ∆F = l∆r∆p, where l defines the circumference length, circumscribed in a plane perpendicular to the axis θ = 0. Corresponding moment of force is ∆K = lr∆r∆p, the mass of this element being ∆m = m p nlr∆θ∆r, m p is the particle mass. Its angular momentum is ∆L = m p nlr∆θ∆r · r 2 dθ/dt. Finally we find
For r = const we obtain p = p(θ 0 ) and θ = θ(θ 0 ). Therefore ∆p/∆θ = ∂ θ 0 p(θ 0 , r)/∂ θ 0 θ(θ 0 , r). Let us substitute t differentiation by r differentiation with the aid of (8)
Substitution of the concentration in the form (15) gives
.
(19) This expression can be rewritten in convenient dimensionless coordinates. Let us denote
So x * = 1, and x 0 = (r 0 /r * ). As a result, equation (19) takes the form
(19 ′ ) Equation (19) is a second order partial differential equation of the hyperbolic type linear in second order partial derivatives. Let us convert it to a system of ordinary differential equations using assumption (4) 
We know the function θ(θ 0 , r) (10) at radius r 0 which defines initial conditions for (18). Then
, n = 0, 1, ..., N.
Cauchy problem consists of equation (19) with initial conditions (22,23). After using of (21) equation (19) comes in a system of N + 1 functions of the radius. The absence of the terms with even powers is due to zero initial conditions whereas the equation to solve is homogeneous. The seeming complexity of the solution method stated above can be simply explained if we remind that we need to distinguish a very small size for angle θ ≪ 1, as well as for r while solving equation in second order partial derivatives.
The behavior of trajectories can be described qualitatively as follows. The flat homogeneous flow at infinity turns to almost spherically symmetric near the sound surface. Then three cases are possible [3] depending on the adiabatic exponent: 1). For Γ → 5/3 the Mach number M and the ratio of gravitational force to pressure force does not approach infinity but keep a value near 1 when r approaches zero. Therefore there will not be any significant additional compression in comparison with the compression in the spherically symmetric case.
2). For Γ < 1.25 the parameter k in (Γ) is negative with positive K(Γ), that is why the concentration of stream lines takes place at the back side of the object (We can see it from (3)).
3). For Γ > 1.25 the parameters k in and K(Γ) have the same signs, so the concentration of stream lines occurs at the front side. The pressure pushes the stream lines aside after the region of their maximum compression is passed near the symmetry axis.
The quantities describing our region are: r x is the radius at the maximum additional compression in comparison with the Bondi-Hoyle compression on the axis, dimensionless radius x x being defined in (20), ∆r is the radial size of the region at which boundary the additional compression decreases twice, R ball is the caustic radius with the same parameters but without pressure accounting, k x is minimum attainable ratio θ/θ 0 in this region, and M x is the minimum Mach number in the vicinity of r x . 
It gives for the Mach number
and
For Γ = 4/3 we have k in = 0.025, and for Γ = 7/5 we have k in = 0.026 [3] . The infinitesimal parameter for Φ (1) is actually εk in , but not ε, which has an order of 0.1 ÷ 1. We can make brightness-temperature correspondence using Fig.1 of the dependence T /T 0 of r. Fig.2 illustrates how the temperature depends on the coordinates r and θ. We may convert it to the (r, θ) plane near r x by gripping in 1/k x times in the direction of the system symmetry axis. Bright spots at the bottom of the plot do not have any physical meaning; most probably they are due to the algorithm divergence. 
Correctness of the assumptions
A lot of assumptions have been made for solving. Let us prove they are correct. We take c ∞ = 0.0002 for estimation.
1. The chosen region is located far from the event horizon in most cases, r ≫ r g , so we suppose metric to be flat.
2. The maximum incline angle α between the flow line and the radial vector is achieved right near r x . Using the solution for n(r) we find that ∆r = 5 · 10 5 cm, r x = 10 7 cm, and k x = 0.03. The region contracts uniformly approximately for θ 0 < 0.3. Hence, we can estimate the value α as α ≈ θ 0 k x r x /∆r ≈ 0.2, and this is the maximum value for α.
3. We have determined the Mach number M above for explanation of the third assumption. The ratio of the enthalpy to the kinetic energy for non-relativistic gas is 2c 2/M 2 (Γ − 1), which approaches 1 at r x . But this takes place in a small region only. The computed effect can be easily estimated by solving equations for an effectively increased coefficient of the term responsible for the pressure. With this coefficient half as much again r x decreases by the same factor, and k x increases no more than by 10%.
4. The small value θ 0 25 k 25 (r x ) in comparison with θ 0 k 1 (r x ) corresponds to θ 0 < 0.3 at r = 2.85 · 10 7 , so the area is about 0.036 from the initial one at r 0 . It means that a significant part of the flow (> 1/30) goes under compression. At large radii r x the every next item θ 2n+1 r 2n+1 is much smaller than the previous one, while this does not occur at r < r x . This is most probably associated with the loss of convergence in the method under consideration. 5. It is necessary to check as well that the result does not depend on the r 0 . Let us check it for ε = 0.58, Γ = 7/5: if r 0 increases twice k x then decreases by 10% and r x decreases by 20% . Difference is due to the flow going from the sound surface to r 0 makes progress in slight nonradial compression and chiefly in changing its direction.
Note that the satisfactory accuracy of the results cannot be improved much by rejecting these assumptions. First, we have used the first-order correction for the calculation not with an infinitesimal but with a finite ε. Second, its structure was used at small radii, when the firstorder correction increases in comparison with non-perturbed solution. The initial conditions cannot be used near the sound surface because (4) is an asymptotic for r → 0 only.
To make progress in this area we need to solve numerically the exact system of two nonlinear equations in partial derivatives -one equation is a first-order one, and the other is a secondorder equation. It is necessary to distinguish scales many orders less than the outer radius of integration, and even the sound surface. This can be done only by using adaptive methods with adaptive step size. Besides, we have to calculate numerically the parameters of the separatrix surface (the boundary of casual connected area) apart, when a smooth passing occurs, to solve the time-dependent problem of the establishing this regime, to show whether it is stable, and to find percentage of the occurrences of the accretion without shock wave forming. Those calculations are far out the scope of this article.
Physical and observational meanings of the results
One of the features observed in the axial-symmetric flow so far is a tail stream lines concentration behind the moving object under accretion in the region of cold dense dust where formation of stars takes place.
The effect discussed in this work has not been observed yet. The parameter Γ = 7/5 has a narrow scope of application. For example, it comes about on initial stages of accretion onto compact object, for instance, from dense clouds of cold molecular hydrogen before its dissociation (when dissociation turns on the equation with constant Γ is unapplicable).
Let us discuss accretion of the hot gas from HII regions in more detail. At a long distance from massive body Γ = 5/3. The same Γ is on the sound surface, because the concentration and the temperature at infinity and on the sound surface have ratio of the order of unity [2] . The gas angular momentum relatively the center of star is very small in the stable regime. Though electrons become relativistic from some radius and adiabatic exponent sharply decreases to Γ = 13/9 [4] , in this case there is no anomalous matter compression region.
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